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Abstract 
Aquaponics is receiving a growing interest as an emerging technology that combines recirculating aquaculture practices and hydroponics to 
produce fish and vegetables. However, a proper eco-design is essential to limit the environmental burdens and to enhance the economic 
profitability. Life Cycle Assessment (LCA) and Life Cycle Costing (LCC) were here combined to estimate the environmental and economic 
impacts of a designed pilot indoor aquaponic system in Belgium. Results showed that energy consumption, infrastructure and water 
consumption represent the main critical issues to achieve both the environmental and economic sustainability of this aquaponic system. 
© 2017 The Authors. Published by Elsevier B.V. 
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1. Introduction 
In the last 30 years, the scientific community [16], has 
developed tools to assess the sustainability of food products. 
-design" can be defined as the integration 
of environmental considerations into a planned or actual 
productive process in order to improve the resulting products 
 and possibly to help in the development of new ones  by 
reducing the environmental burdens throughout their life 
cycle [4]. One of the most accepted tools to get eco-design 
information about a process is the LCT approach, subdivided 
into three types of analyses: LCA, LCC and SLCA. However, 
while LCA and LCC are internationally accepted tools, SLCA 
is not totally developed yet. Concerning the aquaculture field, 
LCT approaches  mostly in the form of LCA  had an 
exponential growth in the last year, with studies focusing on 
different species, management condition and rearing systems 
[1,17,8,23]. 
However, the eco-design approach has never been applied 
to aquaponics, that is an innovative practice which integrates 
the culture of aquatic animals (mainly fish) with the 
hydroponic production of plants [26]. Aquaponics allows to 
farm fish and plants at high density, minimizing water 
consumption and reducing emissions [6,7]. 
 
Nomenclature 
LCT         Life Cycle Thinking 
LCA         Life Cycle Assessment  
LCC         Life Cycle Costing 
SLCA      Social Life Cycle Assessment 
NFT         Nutrient Film Technique 
GRP         Glass-Reinforced Plastic 
DWC       Deep Water Culture  
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Although this technique seems to be sustainable, neither its 
environmental nor economic burdens have been deeply 
investigated as yet: in fact, only few studies are available in 
literature [2,10]. In the present study, we combined LCA and 
LCC to analyse the project of a future aquaponic facility 
(CTA) in Modave (Belgium), in order to get an overview of 
its environmental and economic burdens and thus propose less 
impacting technical solutions prior to its actual building. 
2. Material and methods 
2.1. System description 
The scheme of the pilot aquaponic system is provided in 
Figure 1 and its technical features reported in the Appendix 
section (Table A.1). The system will be hosted inside an 
insulated room constructed in aerated concrete blocks, while 
fish culture equipment will be composed of 6 rearing tanks. 
The mechanical filtration will be provided by a drum filter, 
complemented by a swirl separator. The water exiting the fish 
culture is conveyed to the mechanical filtering station (swirl 
separator + drum filter) to remove most of the suspended 
solids discharged from the system as sludge. Hydroponic 
cultures are arranged on 3-level shelves lighted by artificial 
LED lighting. Grow beds will be composed of NFT structures 
and DWC tanks, with a total surface of 50 m2. The building is 
equipped with a double flow ventilation system. 
 
Fig. 1 Scheme of the aquaponic facility. Black arrows show the water flow. 
2.2. LCA and LCC 
2.2.1 System boundaries and functional unit 
The system is designed to farm tilapia (Oreochromis 
niloticus) and lettuce (Lactuca sativa) with an expected yearly 
production of 0.7 and 4 tons of fish and vegetable, 
respectively. According to Hunkeler et al. [13], LCA and 
LCC have been performed on the same model of the 
productive system (e.g. same system boundaries, functional 
unit, allocation method) and a cradle-to-gate approach was 
adopted for both the analyses. The processes included in the 
analysis are the ones taking place within the productive cycle, 
namely: raw materials (used to build the facility and to run the 
production), consumptions (energy and water) and 
transportation. The outputs are represented by the two 
products (lettuce and tilapia) and their derived wastes (i.e. 
dead biomass and fish sludge in water) (Figure 2). The 
functional unit was set as 1 kg of produced lettuce and tilapia 
was considered as co-product. The allocation was calculated 
proportionally to the total amount of produced biomass 
(lettuce = 85.11%; tilapia = 14.89%). 
 
Fig. 2 System boundaries of the considered aquaponic system. Dot arrows 
indicate processes for which transportation was considered. 
2.2.2 Life Cycle Inventory 
The main system features and consumptions are reported in 
Table 1. 
Table 1. Aquaponic system design and main yearly expected fluxes of energy 
and matter. 
Energy  
Water pumping + LED (kWh) 63,000 
Heating (kWh)   15,000 
Water  
Input - Tap water (m³) 870 
Input - Rain water (m³) 200 
Output - Water evaporation (m³) 70 
Output - Drum filter backwashing (m³) 1,000 
Production  
Input - Fish feed (kg) 840 
Output - Fish production (kg) 700 
Output - Plant production (kg) 4,000 
 
 
Production wastes (dead fish and lettuce) were considered 
in terms of nitrogen and phosphorous content in the disposed 
dead biomass, assuming a landfill disposal scenario. Removed 
suspended solids were quantified in terms of nitrogen and 
phosphorous released in the sewer system. Concerning LCC, 
the main inputs are reported in Table 2. 
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Table 2. Main LCC inputs for the aquaponic system. 
SYSTEM EQUIPMENT 
(euro)  
Alarm system 2,000 
Pumps (1,100 W) 3,100  Fire door 2,000 
 4,500  Steel structures  1,474 
Air blower (1,500 
W) 2,000  Marine plywood  780 
Moving bed biofilter 3,500  Aerated concrete  9,150 
Sump tank (1 m3) 1,500  Other equipment 4,540 
Water decanting 
system (sump + 
swirl separator) 
1,800  Total 63,384 
Drum filter (250 W)  5,200  Total (incl. VAT)  76,694 
U.V. (120 W) 1,500  OTHER COSTS (euro) 
LED lighting  5,040  Building cost  14,750 
Water monitoring 
system (e.g. probes)  4,900  Water cost (euro year
-1) 4,350 
Electric equipment 5,000  Energy cost (euro year-1) 10,140 
Heating  2,400  Lettuce (euro plant-1) 0.06 
Ventilation double 
flux 3,000  Feed (euro kg
-1) 1.00 
2.2.3 Assumptions and limitations 
Most of the used data were sourced from the facility 
project and reflect the equipment which will be actually 
bought to build up the system. These data were integrated 
Moreover, some assumptions were necessary (Table 3). 
Table 3. Assumptions list. 
ASSUMPTION REFERENCE 
Lettuces were harvested when reached 300 g. 
 
Mortality was set at 3% for tilapia. 
[15] 
Mortality was set at 10% for lettuce. 
[3] 
Fish faeces production was set at 193.68 g kg-1 of 
feed. 
[14] 
Tilapia total fillet and carcass (skin + bones) were 
set at 279.9 g kg-1 and 720.1 g kg-1, respectively. 
[11] 
Total nitrogen and phosphorous percentages in 
sludge (faeces + uneaten feed) were set at 18.37 and 
5.6, respectively. 
[22] 
Total proteins and total phosphorous in Tilapia fillet 
were set at 834 g kg-1 and 0.03 g kg-1. 
[11] 
Total proteins and total phosphorous in Tilapia 
carcass were set at 481 g kg-1 and 0.35 g kg-1. 
[11] 
N and P contents in lettuce were 10.11% and 2.34%. 
[12] 
Tilapia feed formulation was set according to 
Situmorang et al. [24]. 
[24] 
Infrastructure lifespan was set as 25 years. 
 
Average transportation distance was set at 30 km for 
all the supplies.  
 
Water daily input was assumed to be 1% of the total 
water volume. 
 
Tilapia entering the system was considered to be 
self-produced (CEFRA, University of Liège) and so 
its cost was set to 0. 
 
2.2.4 Life Cycle Impact Assessment 
For both LCA and LCC analyses, all the fluxes of matter 
and energy listed in the inventory were then clustered in 5 
sub-groups: (i
+ dead biomass + sludge). All the calculations were 
performed using SimaPro® version 8.0.3.14 [21]. Concerning 
LCA impact categories, the CML-IA baseline method Version 
3.01/World 2000 was used to evaluate Global Warming 
Potential 100a (GWP) and Eutrophication (EU), while a 
single-issue method was applied to evaluate the Cumulative 
Exergy Demand (CExD). LCC was performed following the 
guidelines stated by Ciroth and Franze [5]. 
 
3. Results 
LCA and LCC results are reported in Table 4 and Figure 3. 
the main source of impacts for the aquaponic system. In fact, 
this sub-group accounts for more than 90% of the GWP and 
CExD impacts and for 46% of EU. For this latter impact 
-group was found to be 
responsible of 52% of the total impact. The contribution of 
to the overall impacts appears limited. 
Table 4. LCA and LCC results. GWP: Global Warming Potential (kg of CO2 
eq); EU: Eutrophication (kg of PO43-eq.); CExD: Cumulative Exergy Demand 
(MJ). LCC expressed in euro. 
 LCA 
LCC 
 GWP EU CExD 
Infrastructure 0.75 0.00 11.69 0.78 
Energy Consumption 11.99 0.01 222.52 2.16 
Water Consumption 0.07 0.00 1.06 0.93 
Transportation 0.07 0.00 1.03 0.03 
Production 0.25 0.01 2.09 0.35 
Total 13.13 0.02 238.40 4.24 
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LCC results show that the total monetary cost referred to 
the functional unit is 4.24 euro (Table 3). The main economic 
-group, 
responsible of about the half of the whole production cost 
(Figure 3).  
Fig. 3 LCA and LCC results: contribution analysis. 
-groups, each 
accounting for about 20% of the overall impact. On the 
appear to be less relevant (8%). 
4. Discussion 
The combined application of LCA and LCC showed that 
energy consumption represents a critical issue to achieve the 
sustainability of this aquaponic system. About 19% of the 
total energy consumed would be used to heat water and air 
representing 12.5% of the energetic monetary costs. Thermic 
conditioning strictly depends on the farmed species. The 
growth rate of Tilapia  one of the most used species in 
aquaponics systems [18] is optimized in a narrow temperature 
range 28-32°C [8]. Here the growing temperature was 
considered at 25°C. Since the Belgian electricity mix, 
according to SimaPro® database (European Life Cycle 
Database  ELCD  v 3.0), is mainly composed by fossil and 
nuclear sources, possible improvement could be made by 
implementing renewable energy sources. Moreover, according 
to results, the design of the aquaponic system could be 
reviewed in terms of walls insulation-layer and energetic 
efficiency of the chosen equipment. However, the major part 
of energy consumed (81%) is due to water pumping 
(including the running of the drum filter) and artificial 
lighting. These impacts seem quite difficult to reduce without 
solutions. For example, the implementation of sedimentation 
tanks and/or skimmer can be evaluated to reduce the energy 
consumption linked to the drum filter. 
The contribution analysis underlined the important role of 
contribution to EU of approximately 55%. These results are in 
line with previous findings, since both Xie and Rosentrater 
[28] and Forchino et al. [10] highlighted the important effects 
of production on eutrophication, mainly due to: (i) fish-feed; 
(ii) the disposal of wastes in landfill and sewer system. 
CExD impacts and represents up to 18% of the economic 
costs. In this case, improvements could be done by choosing 
less expensive equipment, without compromising the system 
performances. 
Concerning water consumption, the system here analysed 
requires about 1,070 m3 year-1 with an estimated hydric 
consumption of 0.3 m3 per kg of lettuce. This value is more 
than 10 times higher if compared to the one calculated by 
Forchino et al. [10] for a small scale aquaponic system. In our 
case, this difference is essentially due to the use of a drum 
filter, which requires more than 90% of the overall hydric 
consumption. Moreover, if the LCA analysis showed that the 
consequent effects on the environment are not that high, water 
consumption represents an important source of impact for 
LCC, contributing for 22.6% to the total cost. 
Given the adopted approach, further argumentations on the 
economic feasibility of the facility are merely conjectures, 
since neither operating costs nor market prices were 
considered. 
However, some considerations can be made. LCC seems to 
suggest that the production cost of lettuce will be markedly 
higher than in conventional systems. Organic food is 
perceived as more healthy and tastier than its equivalent 
produced with the conventional system [20] and consumers 
are generally neutral or favorable to aquaponics [25] but it is 
not sure whether they will be willing to pay higher prices for 
this kind of products. Therefore, market research is 
avoid an investment on an unprofitable species. Tilapia grows 
quickly and requires low operating costs, but needs warm 
water and it is not well known in Europe, conversely to Asian 
and North American markets. For instance, tilapia farmed in 
Egypt is generally sold without any value addition at the 
wholesale market [9]. However, while tilapia has an unsure 
market potential for Belgium, lettuce is a suitable product for 
aquaponics, since this species can be easily cultivated with 
this technique [18] and it appears to be in line with the 
European market demand [19,27]. 
5. Conclusion 
The research here conducted provided an overview of the 
strengths and weaknesses of the facility prior to its actual 
construction. Results indicated that drum filter strongly 
affects the economic expenses by consuming a huge amount 
of energy and water: therefore, designing a system with a less 
energy and water demand component could increase the 
sustainability of fish and vegetables produced via aquaponic. 
In conclusion, the present study proves the importance of 
LCA and LCC as eco-design tools, helping in both improving 
system performances and reducing the relative economic and 
environmental burdens. 
Acknowledgements 
This work was supported by the COST Action FA1305 
(The EU Aquaponics Hub: Realising Sustainable Integrated 
Fish and Vegetable Production for the EU), the EMFF 
(European Maritime and Fisheries Fund) and Wallonia (SPW-
550   Andrea Alberto Forchino et al. /  Procedia CIRP  69 ( 2018 )  546 – 550 
DGO3). We are grateful to Christian Prignon, Denis Gustin 
and Laurent Minet for their participation in the system design. 
Appendix A 
Table A.1. Aquaponic system: technical features 
AQUAPONIC SYSTEM: TECHNICAL FEATURES 
Building 
Material 
Aerated concrete, thermal 
transmittance U=0.31 W m-2 K-1 
Room dimensions 14.6 x 7.1 x 3.5 m 
Room total surface 103.66 m2 




Fish tanks (n= 6) GRP, total volume 6.4 m³ 
Sump tank (n= 1) GRP, total volume 1 m³ 
Drum filter 30 m³ h-1, 250 W 




Circulation pump 1.1 kW 
Air blower 1.5 kW 
UV sterilizer 95 W 
Electrical heating 9 kW 




Grow beds - DWC 
Wood and liner, total surface 
33.3 m2 
Grow beds - NFT Alluminium, 16.7 m2 
Lighting LED, 6 kW 
 
References 
  [1] Ayer NW, Tyedmers PH. Assessing alternative aquaculture 
technologies: life cycle assessment of salmonid culture in Canada. 
Journal of Cleaner Production 2009; 17:362-373. 
  [2] Boxman SE, Zhang Q, Bailey D, Trotz MA. Life Cycle Assessment of a 
Commercial-Scale Freshwater Aquaponic System. Environmental 
Engineering Science. 2017; 34(5):299-311. 
  [3] Brault D, Stewart KA, Jenni S. Growth, development, and yield of head 
lettuce cultivated on paper and polyethylene mulch. HortScience 2002; 
37(1):92-94. 
  [4] Brones FA, de Carvalho MM, de Senzi Zancul E. Reviews, action and 
learning on change management for ecodesign transition. Journal of 
Cleaner Production 2017; 142:8-22. 
  [5] Ciroth A, Franze J. Life cycle costing in SimaPro. GreenDeltaTC, 
Berlin, 2009. Available at http://www.to-be.it/wp-
content/uploads/2015/07/LCCinSimaPro_english.pdf. 
  [6] Danaher JJ, Shultz RC, Rakocy JE, Bailey DS. Alternative solids 
removal for warm water recirculating raft aquaponic systems. Journal of 
the World Aquaculture Society 2013; 44(3):374-383. 
  [7] da Silva Cerozi B, Fitzsimmons K. Effect of dietary phytase on 
phosphorus use efficiency and dynamics in aquaponics. Aquaculture 
Internationa 2017; 25(3):1227-1238. 
  [8
sustainable aquaculture: comparison between two trout farming system 
using Life Cycle Assessment. Aquacultural Engineering 2009. 
40(3):113-119. 
  [9] Eltholth M, Fornace K, Grace D, Rushton J, Häsler B. Characterisation 
of production, marketing and consumption patterns of farmed tilapia in 
the Nile Delta of Egypt. Food Policy 2015; 51:131-143. 
[10] Forchino AA, Lourguioui H, Brigolin D, Pastres R. Aquaponics and 
sustainability: the comparison of two different aquaponic techniques 
using the Life Cycle Assessment (LCA). Aquacultural Engineering 
2017; 77:80-88. 
[11] Gonzales JM, Brown PB. Nile tilapia Oreochromis niloticus as a food 
source in advanced life support systems: Initial considerations. Advances 
in Space Research 2006; 38(6):1132-1137. 
[12] Hamilton HA, Bernier R. N-P-K fertilizer effects on yield, composition 
and residues of lettuce, celery, carrot and onion grown on an organic soil 
in Quebec. Canadian Journal of Plant Science 1975; 55(2):453-461. 
[13] Hunkeler D, Rebitzer G, Lichtenvort K. Environmental Life Cycle 
Costing. CRC Press; 2008. 
[14] Keramat Amirkolaie A, Schrama JW. Time related alterations in 
digestibility and faecal characteristics as affected by dietary composition 
in the Nile tilapia (Oreochromis niloticus L.). Aquaculture Research 
2015; 46(5):1078-1086. 
[15] Khammi A, Kutako M, Sangwichien C, Nootong K. Development and 
Evaluation of Compact Aquaculture System for the Application of Zero 
Water-Exchange Inland Aquacultures. Engineering Journal 2015; 
19(2):15-27. 
[16] Kloepffer W. Life Cycle Sustainability Assessment of Products. 
International Journal of Life Cycle Assessment 2008; 13(2):89-95. 
[17] Lourguioui H, Brigolin D, Boulahdid M, Pastres R. A perspective for 
reducing environmental impacts of mussel culture in Algeria. 
International Journal of Life Cycle Assessment 2017; 22(8):1266 1277. 
[18] Love DC, Fry JP, Li X, Hill ES, Genello L, Semmens K, Thompson RE. 
Commercial Aquaponics Production and Profitability: Findings from an 
International Survey. Aquaculture 2015; 435:67-74. 
[19
Perceptions of Aquaponics Products in Europe. Water 2017; 9(2): 80. 
[20] Prada M, Garrido MV, Rodrigues D. Lost in processing? Perceived 
healthfulness, taste and caloric content of whole and processed organic 
food. Appetite 2017; 114:175-186. 
[21] PRè, 2014. SimaPro 8. Software. Available at: http://www.pre.nl. 
[22] Rafiee G, Saad CR. Nutrient cycle and sludge production during 
different stages of red tilapia (Oreochromis sp.) growth in a recirculating 
aquaculture system. Aquaculture 2005; 244(1):109-118. 
[23] Santos AAO, Aubin J, Corson MS, Valenti WC, Camargo AFM. 
Comparing environmental impacts of native and introduced freshwater 
prawnfarming in Brazil and the influence of better effluent management 
using LCA. Aquaculture 2015; 444:151-159. 
[24] Situmorang ML, De Schryver P, Dierckens K, Bossier P. Effect of poly-
-hydroxybutyrate on growth and disease resistance of Nile tilapia 
Oreochromis niloticus juveniles. Veterinary microbiology 2016; 182:44-
49. 
[25] Short G, Yue C, Anderson N, Russell C, Phelps N. Consumer 
Perceptions of Aquaponic Systems. HortTechnology 2017; 27(3):358-
366. 
[26] Tyson RV, Treadwel DD, Simonne EH. Opportunities and challenges to 
sustainability in aquaponic systems. HortTechnology 2011; 21(1):1-13. 
[27] Villarroel M, Junge R, Komives T, König B, Plaza I, Bittsánszky A, Joly 
A. Survey of aquaponics in europe. Water 2016; 8(10):468. 
[28] Xie K, Rosentrater KA. Life cycle assessment (LCA) and Techno-
economic analysis (TEA) of tilapia-basil aquaponics. In: ASABE 
(American Society of Agricultural and Biological Engineers) Annual 
International Meeting 2015; p. 2248 -2277. 
 
 
 
 
 
